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Abstract

Thelongitudinalchargedistribution of electronbunches
in the Fermilab/NicaddA0 photoinjectorwasdetermined
using the coherenttransitionradiationproducedby elec-
tronspassingthrougha thin metallicfoil. Theautocorrela-
tion of the transitionradiationsignal was measuredwith
a Michelson-typeinterferometer. The responsefunction
of the interferometerwasdeterminedfrom measuredand
simulatedpowerspectrafor low electronbunchchargeand
maximumlongitudinal compression.A Kramers-Kronig
techniquewasusedto determinelongitudinalchargedistri-
bution. Measurementswereperformedfor electronbunch
lengthsin therangefrom 0.3to 2 ps(rms).

INTRODUCTION

Drive linacs for free electronlasers,functioning in the
vacuumultra-violetor X-ray range,requiresub-picosecond
acceleratedelectronbunches[1]. In many casessuchshort
bunchesareobtainedby compressingthebeamin magnetic
chicanesand, as a result, the longitudinal charge distri-
bution is significantlydistortedfrom its original gaussian
shape. Therefore,in order to determineparameterslike
peakcurrentor FWHM, it is importantto have a complete
measurementof thebunchlongitudinalchargedistribution
ratherthanjustanestimateof its length.

Coherenttransitionradiation(CTR) emittedby electron
buncheswhencrossinga metallicfoil canberelatedto the
longitudinalchargedistribution form factor
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[2, 3]:
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whereN is thetotalnumberof electronsin thebunchand
� �

is theradiationemittedby a singleelectron.In thelimit of
perfectconductingmetallicfoil,

���
doesnotdependonfre-

quency. Theform factor
�������

is relatedto thenormalized
longitudinalchargedistribution � ����� :
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Sinceonly thepower spectrum
� �����

canbeexperimen-
tally measured,the phaseof the form factor is unknown.
However, the frequency-dependentphaseof the form fac-
tor canbewell approximatedif

� �����
is known for theentire

wavelengthspectrum(Kramers-Kroningmethod [4]):
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where 8 �����>= � �����
. With this approximationthe nor-

malizedlongitudinalchargedistribution is givenby:
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Longitudinal profile measurementswere performed
at FNPL (Fermilab/NICADD PhotoinjectorLaboratory).
Typically, the electronenergy is about16 MeV and the
bunchrmslengthrangesfrom3to10pswhenbunchcharge
is a few nanocoulombs.Electronbunchesarecompressed
in the sub-picosecondrangewith a four-dipole magnetic
chicanelocateddownstreamfrom the acceleratingstruc-
tures.

MICHELSON INTERFEROMETER

CTR is producedby electronbunchescrossingan alu-
minium foil orientedat E�F 0 with respectto the beamline.
Betweenthe aluminium foil and the Michelson interfer-
ometer, shown schematicallyin Fig. 1, therearea single-
crystal quartzwindow and two concave gold-coatedmir-
rorswhich convert thedivergentbeamto aparallelone.

The beamsplitter is coatedwith a thin inconel layer of
thicknesschosensuchthat transmissionandreflectionareGBHCI

andindependentof the wavelengthup to the plasma
frequency. One arm of the interferometerhas a mirror
mountedon a translationstagewhich motion can be re-
motelycontrolled.Theright armof theinterferometercon-
tains a semi-transparentmirror which has constant

G�HJI
transmissionand

G�HJI
reflectioncoefficientswithin therel-

evant wavelengthrange. Transmittedradiationis focused
on the referencedetectorby a concave mirror. The com-
binedradiationfrom the movablemirror andfrom the re-
flection on the semi-transparentmirror is focusedon the
detectorin theleft armof theinterferometer.

The autocorrelationsignal is the superpositionof the
time-dependentelectricfieldsfrom thetwo armsof thein-
terferometer, and it is recordedby the first detectoras a
functionof thepathdifferenceK :
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Figure1: Michelsoninterferometer. Detector1 is usedto
recordthe autocorrelationfunction. Detector2 is a refer-
encedetectorusedto normalizethe autocorrelationfunc-
tion.

The intensityrecordedby the seconddetectordoesnot
dependon pathdifferencebut it is sensitive to beaminsta-
bilities aswell asthe first detector. Thereforeit is conve-
nientto definetheautocorrelationfunction [ � K � astheratio
of theintensitiesmeasuredby thetwo detectors:
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In our latestmeasurementstheintesity
� L

wasmeasured
with a Golaycell andthereferenceintensity

� � with a less
expensiveMolectronpyroelectricdetector.

RESULTS

Duringadata-takingsessionthepositionof themovable
mirror is changedwith apredefinedstep(typically 50 b m).
At eachpositionof the movablemirror, the intensities

�ML
and

� � ( Eq. 6) aremeasured.Typically, 5 suchmeasure-
mentsareperformedandaveragevaluesof

�ML
and

� � , as
well as their c ’s are recorded. The intensity of the UV
laservariesfromshottoshotandsodoestheelectronbunch
charge.Thesevariationsareupto 50%of thenominallaser
intensity. Sincethe intensityof the coherentradiationde-
pendson theelectronbunchcharge(Eq. 1), the intensities� L

and
� � aremeasuredonly if thebunchcharge is within

somenarrow limits , typically lessthan 10% away from
the nominalcharge. The autocorrelationandpower spec-
trum (Fourier transformof the autocorrelation)areshown
in Fig. 2 for 1 nC electronbunchesat maximumcompres-
sion.

Themeasuredpowerspectradiffer from whattheoretical
considerationspredict(seeEqn.1).Thereasonis thatmea-
suredpowerspectraincorporateafilter functionspecificto
themeasuringdevices. At lower frequencies( d Hfe �

THz)
measuredpowerspectraaredepleteddueto detectors’low
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Figure2: Autocorrelationfunctionandpowerspectrumfor
1 nCelectronbunchesatmaximumcompression.

sensitivity in this spectralrange,andto diffractionon opti-
cal components.At higherfrequencies( h H e F THz), part
of the CTR is absorbedby the quartzwindow and other
opticalcomponents.A directmeasurementof theinterfer-
ometer’s responsefunctionwould be idealbut it is experi-
mentallyverychallengingandexpensive(Ref. [5]).
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Figure3: Interferometerresponsefunctionobtainedasra-
tio of experimentalpower spectrumandsimulatedpower
spectrumfor 1 nC electronbunchesat maximumcompres-
sion.

A muchsimpleralternative is to choosesomewell de-
fined andeasyto reproduceexperimentalconditions,and
to assumethat in theseparticularcircumstancesa track-
ing code(in our caseParmela)correctlysimulatesthelon-
gitudinal electronbunchshape.In ”standard”experimen-
tal conditions,electronbunchesof 1 nC aregeneratedby



laserpulsesof gaussianshape( ckj Gfe F ps), accelerated
to j � E MeV, andmaximallycompressedby themagnetic
chicane.Theresponsefunctionis obtainedby dividing the
experimentalpowerspectrumto thesimulatedone(Fig.3).

Theinterferometer’sresponsefunctionis usedto correct
power spectrawhenelectronbunchesareproducedunder
somearbitraryexperimentalconditions. Correctedpower
spectrastill do not cover the whole spectralrange. The
reasonis thatinterferometer’sresponsefunctionis closeto
zero at low andhigh frequencies.Therefore,in order to
apply the Kramers-Kroningmethod(Eq. 4), the corrected
power spectrummust be completedfor the missing fre-
quencies.Power spectraarecompleted,for low andhigh
frequencies,by using the asymptoticexpressionsderived
in Ref. [4]. The power spectrumcompletionprocedureis
plaguedby uncertainties,becauseit is not obvious what
”low and high frequencies”really means,and interpola-
tion proceduresaresomewhat arbitrary. Fig. 4 shows the
autocorrelationandcompletedpower spectrumfor 3.2 nC
electronbunchesata moderatecompression.
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Figure4: Autocorrelation(top)andcompletedpowerspec-
trum (bottom) for 3.2 nC electronbunchesat moderate
compression.

Largerelectronbunchchargeswereobtainedby increas-
ing the laser intensity and keepingconstantits duration.
Thelengthof electronbunchesis higherin thecaseshown
in Fig. 4 comparedwith thecaseshown in Fig. 2, because
the bunch charge is larger and also becausethe level of
compressionis lower. Largerbunchlengthtranslatesinto
wider autocorrelationfunction andnarrower power spec-
trum.

The longitudinalelectronbunchshapeis reconstructed
by using the Kramers-Kroningmethod(Eq. 3). An ex-
ampleof suchreconstructionis shown in Fig. 5 wherethe
Kramers-Kroningtechniquewasappliedto thecompleted
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Figure5: Longitudinalchargedistribution for 3.2nC elec-
tron bunchesat moderatecompressionreconstructedfrom
experimentaldata(red line) andfrom Parmelasimulation
(blueline). Thehighchargedistributionpeakis at thehead
of theelectronbunch.

power spectrumshown in Fig. 4. The agreementbetween
measurementand Parmelasimulation is within 30% for
bunchlengthandpeakheight. High chargedensityat the
headof theelectronbunchis adirecteffectof thecompres-
sion. The width of the peak,aswell asthe shapeandthe
lengthof the charge distribution tail canbe relatedto en-
ergy spread,nonlinearityof therf field, andto bunchcom-
pressorparameters]ut�v andw t�vxv (Ref. [6]).

CONCLUSIONS

Sofar we measuredlongitudinalchargedensityprofiles
for electronbunchesthat have a simple gaussianshape
beforecompression.Agreementwith simulationis quite
good. Thereare two major sourcesof systematicuncer-
tainties in this analysis: (a) the inaccuracy of the inter-
ferometer’s responsefunction, and(b) the ambiguitiesof
thepowerspectrumcompletionprocedure.We planto use
electronbuncheswith somelongitudinal spatialstructure
to estimatehow much systematicuncertaintiesaffect the
results. For example,a goodway to prove the reliability
of this methodis to reconstructbunchesconsistingof two
pulsesseparatedby aknown distance(Ref. [7]).
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